The probe absorption-dispersion spectra of a driven three-level atom in a double-band photonic crystal have been investigated. We use the model which assumes the upper levels of the atomic transitions coupled via a classical driving field. One of the transitions interacts with the free vacuum modes, and the other transition couples to the modes of the modified reservoir (photonic band gap). The effect of the classical driving field on the absorption-dispersion spectra of an atom is investigated in detail. Most interestingly, it is shown that the atom becomes transparent to a probe laser field coupled to the free space transition, and slow group velocities are obtained near the transparency window.
Introduction
Photonic crystals (PCs) are a new type of optical material with a periodic dielectric structure [1] . The main property of these materials is the existence of an absolute photonic band gap (PBG), a frequency region over which there can be no propagation of light in the crystal whatever the direction of propagation. The most interesting phenomena in the interaction of atoms with photonic crystals arise from the rapid variations of the photon density of states (DOS) of these materials, as can be outlined in recent reviews [2, 3] . In particular, it has been suggested that when an isotropic dispersion relation is employed to describe the photonic band gap, the corresponding photon DOS exhibits singular behaviour [4, 5] . In this context, a variety of exotic phenomena have been predicted such as photon-atom bound states [4] [5] [6] , suppression and even complete cancellation of spontaneous emission [7, 8] , population and atom trapping in two-atom systems [9] , enhancement of spontaneous emission interference [10] [11] [12] , modified reservoir-induced transparency [13] [14] [15] [16] , transient lasing without inversion [17] and occurrence of dark lines in spontaneous emission [18, 19] .
On the other hand, driving a multi-level atom with a sufficiently strong resonant field alters the radiative dynamics in a fundamental way, even in the ordinary vacuum. It leads to interesting effects such as the enhancement of the index of refraction with greatly reduced Figure 1 . Schematic diagram of a three-level driven atomic system. The thick solid arrow denotes the probe laser, the solid two-arrow line denotes the coupling laser, the thick dashed arrow denotes the coupling to the modified reservoir (PBG) and finally the thin dashed arrow denotes the coupling to the free space reservoir.
absorption, electromagnetically induced transparency and optical amplification without population inversion. In view of these results, it would be interesting to investigate the combined effects of coherent control by an external driving field and photon localization facilitated by a PBG on spontaneous emission from a three-level atom embedded in a PBG material. This is precisely what is done in this paper.
In the present work we study the probe absorption and dispersion spectra of a driven threelevel atom, with one of the atomic transitions decaying spontaneously in a modified reservoir and the other transition interacting with the free vacuum modes. We consider the situation where the modified reservoir is (a) the double-band isotropic PBG, (b) the double-band anisotropic PBG and (c) free vacuum respectively, and calculate the absorption-dispersion spectra of the system. While the absorption-dispersion spectra of atom embedded in PBG have been mentioned in a few papers [15, 25, 26] , the discussions are limited to isotropic PBG with or without defect modes, where the transparency of their system is the consequence of singularities in DOS at the band edges of isotropic PBG or the existing defect modes. We show that, in our case, the atom becomes transparent to a probe laser field coupled to the free space transition and slow group velocity is obtained near transparency window in both cases of the isotropic photonic band gap and the anisotropic PBG. The dependence of these phenomena on the width of gap and the intensity of the driving laser is discussed. This paper is organized as follows. In section 2 we apply the time-dependent Schrödinger equation to describe the interaction of our system with the modified vacuum, and analytically calculate the steady-state linear susceptibility of the system. The general calculated results and their analysis are presented in section 3. The major conclusions are summarized in section 4.
Equations for the probe absorption-dispersion spectra
Consider a single three-level atom placed inside a PBG material which is then driven by a laser field. We label the ground state of the atom by |0 , and the two excited states by |1 and |2 , as shown in figure 1 .
The transition |1 → |0 is taken to be near resonant with a modified reservoir (this will be later referred to as the non-Markovian reservoir), while the transition |2 → |0 is assumed to be occurring in free space (this will be later referred to as the Markovian reservoir). The probe absorption-dispersion spectra of this latter transition are of central interest in this section.
We assume that spontaneous emission on the transition |2 → |1 is inhibited by symmetry considerations. In the configuration shown in figure 1 , the upper levels |1 and |2 are of the same symmetry so that the external control laser field of frequency ω c which couples levels |2 and |1 drives a two-photon transition (2ω c = ω 21 ). The single-photon spontaneous emission |2 → |1 is not dipole allowed, since the levels are of the same symmetry. Two-photon spontaneous emission is considered to be negligible compared to the two-photon stimulated emission on the transition |2 → |1 , induced by the classical control laser field.
The three-level atom is initially prepared in the lower level |0 . At time t = 0, this atom starts to interact with a laser field of frequency ω c (that couples the two upper levels) and a probe field of frequency ω p . The dynamics of the system can be described using the Schrödinger equation. Then the wavefunction of the system at time t can be expressed in terms of the state vectors as
where k and q denote the momentum vectors of the emitted photons and e denotes the polarization of the emitted photons. The function a j (t) gives the probability amplitude to find the atom in the excited state |j and the photon reservoir in the vacuum state. On the other hand, a λe (t), (λ = k, q) gives the probability amplitude to find the atom in the ground state |0 and a single photon of wavevector λ and polarization e in the photon reservoir. The Hamiltonian describing the dynamics of this system in the interaction picture and the rotating wave approximation can be written as
where is the Rabi frequency, which is considered real for convenience in our problem. The external control laser field of frequency ω c which couples levels |2 and |1 drives a two-photon transition (2ω c = ω 21 ). In this case, the Rabi frequency is obtained from second-order perturbation theory [27] :
where the summation is over all intermediate states |i of the atom. = 2ω c − ω 21 represents the laser field detuning, and δ λ = ω λ − ω ij represents the detuning of the radiation mode frequency ω λ from the atomic transition frequency ω ij . g ij λe is the frequency-dependent coupling constant between the atomic transition |i → |j and the mode {λe} of the radiation field. More precisely,
where d ij is the atomic dipole moment unit vector for the transition |i → |j , e λe is the polarization unit vector of the radiation fields, V is the sample volume and ε 0 is the Coulomb constant. We substitute this Hamiltonian into the Schrödinger equation and obtain the following set of equations:
By formal time integration of equations (8) and (9) and eliminating a q (t) from equation (6) and a k (t) from equation (7) we geṫ
where
are the delayed Green functions. The resulting Green function depends very strongly on the photon density of states of the relevant photon reservoir. Because the reservoir with modes k is assumed to be Markovian, we can apply the usual Weisskopf-Wigner result [2] , and obtain
For the summation in equation (10) , the one associated with the modified reservoir modes, we have [3]
for isotropic PBG, anisotropic PBG and free space reservoirs respectively, with δ 10gi = ω 10 − ω gi (i = 1, 2). The definitions of the parameters are 
The aim here is to investigate the absorption and dispersion properties of our system for a weak probe laser field. The equation of motion for the electric field amplitude E(z, t) is given by [21] ∂ ∂z
where χ(δ) is the steady-state linear susceptibility of the medium and
is the group velocity of the laser pulse with the derivative of the real part of the susceptibility being evaluated at the carrier frequency. Since the transition |0 → |1 is treated as occurring in the free space, the steady-state linear susceptibility is given by [22] 
with N being the atomic density. The solutions of equations (10) and (11) are obtained by means of perturbation theory [22] [23] [24] . We assume that the interaction between the probe laser and the atom is very weak ( p α) so that a 0 (t) ≈ 1 for all times. With the use of the Laplace transform we obtain from equations (10) and (11),
and s is the Laplace variable. Therefore, we can easily obtain, using the final value theorem, the long time behaviour of the probability amplitude,
for double-band isotropic PBG, double-band anisotropic PBG and free space reservoirs respectively, with δ 10gi = ω 10 − ω gi (i = 1, 2). We use equations (18), (22) and (23) obtained above, and calculate the absorption-dispersion spectra for several parameters of the system. It should be noted that for calculating the absorption-dispersion spectra, the Laplace variable 's' must be replaced by −i(δ − ) in equations (23a) and (23b). So expressions such as is + δ 10gi = δ − + δ 10gi (i = 1, 2) will be purely real with a phase angle of zero for δ − δ 10gi and purely imaginary with a phase angle of π/2 for δ < − δ 10gi . 
Results and discussion
The spectra of −Im[χ(δ)] and Re[χ(δ)], which are usually considered to be absorption and dispersion spectra, are shown in figure 2 as a function of detuning δ of the probe field for isotropic PBG, anisotropic PBG and free space reservoirs respectively.
As figure 2 shows, we see that the medium is transparent to a weak probe field at δ = 0. On the other hand, the dispersion curve has very large slope around δ = 0 (because ∂ Re(χ )/∂ω ) in both cases of the double-band isotropic PBG and the double-band anisotropic PBG (figures 2(a) and (b)), so that these configurations can be used to decrease the group velocity of light. This transparency is the consequence of DOS of modified reservoir and applying the driving field, which can be seen from equations (18), (22) and (23) . In contrast to the case of the PBG reservoir, the system cannot be transparent in the case of free space reservoir for relatively low coupling laser intensity (see figure 2(c) ).
In order to investigate the effect of the driving field on the absorption and dispersion spectra, we plotted absorption and dispersion spectra as a function of detuning δ in the three cases, as shown in figures 3 and 4.
As expected from equations (18) and (22), by increasing the Rabi frequency of the driving field, the transparency window around δ = 0 becomes wider and the positive slope of refractive index around δ = 0 decreases. In figure 5 , we plotted absorption spectrum as a function of detuning δ for the different widths of the PBG. It is easily seen that by increasing the width of the PBG, the absorption spectra in both cases of isotropic and anisotropic PBG reservoirs become similar to the case of free space reservoir with γ 10 = 0.0.
In figure 6 the absorption Im(χ ) spectra are plotted as a function of detuning δ of the probe field, for double-band isotropic PBG reservoir and double-band anisotropic PBG reservoir respectively, with δ g = δ 10g1 − δ 10g2 = 2.0 and ω g1 ω 10 ω g2 but different detunings from two band edges. We see that like the symmetric cases (δ 10g1 = −δ 10g2 ), in these cases there is a zero absorption in the absorption spectra too.
From figures 2-6, it is seen that the absorption and dispersion spectra for the anisotropic case differ from that for the isotropic case. These different properties of the spectra are due to the different DOS of anisotropic and isotropic PBG, which can be given as [28] 
for isotropic PBG and anisotropic PBG reservoirs respectively, where is the Heaviside step function. In order to investigate the effect of the DOS on the absorption spectra, we plotted absorption spectra as a function of detuning δ for single-band isotropic PBG reservoir and single-band anisotropic PBG reservoir respectively, with = 1.0 but different detunings from the band edge, as shown in figure 7 . Since, in the single band case one of the photonic band edge frequencies is very far from the atomic transition, equations (23a) and (23b) can be written asK 11 (s) = β 3/2 10 is + δ 10g ,
where δ 10g = ω 10 − ω g and ω g is the photonic band edge frequency. From equations (22), (25a) and (25b) we see that the absorption spectra can reach zero only in the case of isotropic PBG. This effect is due to the combined effect of DOS and the driving field.
Conclusion
The absorption-dispersion spectra of a driven three-level atom embedded in a double-band anisotropic photonic crystal have been investigated. A transition from one of the upper levels to one of the lower levels was assumed to interact with the free vacuum modes, and the transitions from the other upper level to the lower level were assumed to interact with anisotropic PBG modes. The absorption-dispersion spectra for the transition coupled to the free vacuum modes are studied. Most interestingly it is shown that there are zero absorption and steep dispersion in the absorption-dispersion spectra. Since the dispersion spectrum is steep, this system can be used to slow down the light around transparency window. Unlike most systems that singularity at the band edges are responsible for zero absorption, in our system the combined effects of the driving field and DOS of PBG cause the transparency and the high refractive index.
